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There have been some recent claims in the literature about large right-handed sneutrinos
contributions to lepton flavor violating observables like µ → 3e or µ − e conversion in nuclei in
supersymmetric low-scale seesaw models. These large contributions originate from Z-penguin dia-
grams which show a much weaker dependence on the heavy masses than the photonic contributions.
We have traced this to an error in the evaluation of the corresponding loop amplitudes which has
propagated in the literature. We explicitly show that after correcting this mistake the Z-penguins
show the expected decoupling behavior. Moreover, the reported dominance of the Z-penguin over
the photonic contributions disappears as well.
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I. INTRODUCTION
Flavor violation in the neutrino sector is nowadays
a well-established fact [1]. The mixing angles and the
squared mass differences have been measured with in-
creasing precision in the last year [2–4]. Lepton flavor
violation (LFV) in the neutrino sector implies of course
also LFV in the charged lepton sector. However, in this
case only severe upper limits on LFV branching ratios,
such as those for µ → eγ [5] or µ → 3e [6], exist. Many
neutrino mass models typically predict sizeable and well
measurable effects in this sector. Widely studied ex-
amples are supersymmetric variants of high-scale seesaw
models [7–12], see, e.g. [13–26]. In these kinds of models,
the flavor violation in the neutral sector is transmitted to
the charged sector in the renormalization group evolution
from the high scale where the supersymmetry (SUSY)
breaking parameters are specified to the low scale [27].
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A generic prediction for the radiative decay `j → `iγ
reads [13]
BR(`j → `iγ) ' 48pi
3α
G2F
|(m2
f˜
)ji|2
M8SUSY
BR(`j → `iνj ν¯i) . (1)
Here (m2
f˜
)ji parametrizes the largest off-diagonal ele-
ments of the soft-breaking slepton mass matrices and
MSUSY is the typical mass of the supersymmetric par-
ticles, nowadays expected to lie in the TeV range. If
one does not rely on special cancellations, usually small
off-diagonal elements are required to satisfy experimen-
tal bounds [1]. Since in high-scale seesaw models the
photonic penguin contributions dominate also the decay
`j → 3`i a simple relation between both observables ex-
ists [15, 28]
BR(`j → 3`i) ' α
3pi
(
log
(
m2`j
m2`i
)
− 11
4
)
BR(`j → `iγ) .
(2)
Therefore, the radiative decay `j → `iγ is in general more
constraining than `j → 3`i (up to some exceptions [29,
30]).
Recently, low-scale seesaw scenarios (such as the in-
verse seesaw) have gained more interest. In the inverse
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2seesaw [31], the minimal supersymmetric standard model
(MSSM) particle content is extended by three generations
of right-handed neutrino superfields νˆc and of gauge sin-
glets NˆS , which carry lepton number. The superpotential
reads
WIS = WMSSM+Yν νˆ
cLˆHˆu+MR νˆ
cNˆS+
µN
2
NˆSNˆS . (3)
After electroweak symmetry breaking (EWSB), the effec-
tive mass matrix for the light neutrinos is approximately
given by mν ' v
2
u
2 Yν(M
T
R )
−1µNM−1R Y
T
ν . The additional
suppression given by µN allows for Yukawa couplings of
order O(1) and MR ∼ O(MSUSY ) while being compati-
ble with neutrino oscillation data.
In Ref. [32], the relation in eq. (2) was found to be vi-
olated in the inverse seesaw due to a large enhancement
of the Z-penguins. These contributions, enhanced with
respect to photonic penguins by a factor
(
M4SUSY /m
4
Z
)
,
turned out to be dominant in most parts of parameter
space, specially in case of large MR. Later, this qualita-
tive result was further exploited in several phenomeno-
logical studies [33–35]1. Furthermore, this enhancement
in the Z-penguins was interpreted sometimes as a nonde-
coupling behavior. This nondecoupling behavior would
imply the existence of a flavor violating Z`i`j operator
without any suppression from the new physics scale Λ. In
an expansion in powers of vΛ , where v is the electroweak
VEV, this operator would contain a nonvanishing zero or-
der contribution. This is, however, absent in well-known
lists of allowed effective operators [37] as it would intro-
duce an explicit violation of the SM gauge symmetry.
Therefore a critical discussion of this effect becomes nec-
essary.
While most previous works [32–35] have adapted well
established results of the MSSM [15], we perform here
a completely independent calculation of the Z-penguin
contributions to `j → 3`i and µ− e conversion. We find
that the Z-penguins do not show the dominant behavior
reported in [32, 35]. The reason stems from a mistake
in the Z-penguin contributions already present in the
MSSM results of Ref. [15]. While the mistake in the
prediction of charged LFV rates has no impact in the case
of high-scale seesaw models, for low-scale seesaw models
it changes the entire picture.
We present in the next section our revised calculation
of the Z-penguin, which contributes to several LFV
observables, and point out the difference to previous
calculations in the literature. Afterward we numerically
compare the old and new results before we conclude. In
the Appendix we provide the vertices and loop functions
that are used in the computation.
II. REVISING THE 1-LOOP `i − `j − Z
EFFECTIVE COUPLING
LFV violating observables have been intensively dis-
cussed in supersymmetric high-scale seesaw models [13–
22, 24–26]. In view of the above-mentioned controversy,
we focus on the Z-penguin and, in particular, on the
chargino-sneutrino contributions. We consider the defi-
nition of the effective `i − `j − Z vertex
¯`
jγµ
(
FLPL + FRPR
)
`iZ
µ . (4)
The form factors FL,R contribute to several LFV pro-
cesses, among which one can find `j → 3`i [15], µ − e
conversion in nuclei [38] and τ mesonic LFV decays [39].
In Ref. [15], the chargino contributions to the form factor
FL are found to be
F
(c)
L = −
1
16pi2
(
CRiBXC
R∗
jAX
(
2E
R(c)
BA C24(m
2
ν˜X ,m
2
χ˜−A
,m2
χ˜−B
)− EL(c)BA mχ˜−Amχ˜−BC0(m
2
ν˜X ,m
2
χ˜−A
,m2
χ˜−B
)
)
+ CRiAXC
R∗
jAY
(
2Qν˜XY C24(m
2
χ˜−A
,m2ν˜X ,m
2
ν˜Y )
)
+ CRiAXC
R∗
jAXZ
(`)
L B1(m
2
χ˜−A
,m2ν˜X )
)
, (5)
where CRiAX , E
R(c),L(c)
BA , Q
ν˜
XY and Z
(`)
L are the χ˜A− `i−
ν˜X , χ˜A − χ˜B −Z, ν˜X − ν˜Y −Z and `− `−Z couplings,
respectively. For detailed definitions see Appendix A or
[15]. C0, B1 and C24 are loop functions evaluated in
the limit of zero external momenta. C0 and B1 are well-
known Passarino-Veltman functions, whereas combining
1 In an independent calculation [36], a Z-penguin dominance was
found for a specific choice of mSUGRA parameters.
the definitions in [15] and [40] C24 is given by
4C24(m
2
0,m
2
1,m
2
2) = B0(m
2
1,m
2
2) +m
2
0C0(m
2
0,m
2
1,m
2
2) .
(6)
It proves convenient to expand F (c)L in powers of the
chargino mixing angle. This allows one to get a clear un-
derstanding of the leading contributions. The lowest or-
der in the expansion corresponds to zero chargino mixing,
which we further split as F (c,0)L = − 116pi2
(FW˜ (0)L +F H˜(0)L ).
Here FW˜ (0)L represents the pure wino contribution and
F H˜(0)L the pure Higgsino contribution. As pointed out
3in Ref. [32], using this method (and the results for the
loop functions in [15, 40]) one can show that the contri-
bution for a pure wino and a pure left-handed sneutrino
vanishes exactly in the MSSM. These equations can be
easily adjusted to the inverse seesaw [35]. In this case,
the contribution from the pure wino and pure left-handed
sneutrino vanishes again, as in the MSSM. However, one
finds a nonzero contribution from pure Higgsino and pure
right-handed sneutrino loops
F H˜(0)L =
g
8 cos θW
(
Y †ν Yν
)
ij
(
cos2 θW − 1
2
)
. (7)
The result in eq. (7) does not depend on the SUSY scale
(nor onMR), which clearly looks like a nondecoupling ef-
fect. However, we will show that it is indeed caused by
an error in eq. (5). We recalculated the chargino con-
tributions and found, in contrast to eq. (5), the 1-loop
Z − `i − `j effective coupling
F
(c)
L = −
1
16pi2
(
CRiBXC
R∗
jAX
(
E
R(c)
BA
[
B0(m
2
χ˜−A
,m2
χ˜−B
)− 2C00(m2ν˜X ,m2χ˜−A ,m
2
χ˜−B
) +m2ν˜XC0(m
2
ν˜X ,m
2
χ˜−A
,m2
χ˜−B
)
]
− EL(c)BA mχ˜−Amχ˜−BC0(m
2
ν˜X ,m
2
χ˜−A
,m2
χ˜−B
)
)
+ CRiAXC
R∗
jAY
(
2Qν˜XY C00(m
2
χ˜−A
,m2ν˜X ,m
2
ν˜Y )
)
+ CRiAXC
R∗
jAXZ
(`)
L B1(m
2
χ˜−A
,m2ν˜X )
)
. (8)
We must now compare this result to eq. (5) by using
the relation between the loop functions in the limit of
zero external momenta squared [41],
DC00(m
2
0,m
2
1,m
2
2) = B0(m
2
1,m
2
2) +m
2
0C0(m
2
0,m
2
1,m
2
2) .
(9)
where D = 4 − 2 in dimensional regulariza-
tion/reduction. With these definitions, we can relate the
expression of C24 in Eq. (6) to C00 via C24 = C00 − 18
since DC00 = 4C00 − 12 . We find that eqs. (5) and (8)
would agree if we (incorrectly) used DC00 = 4C00 and
identified C24 with C00. This makes obvious that our
results differ by constant terms which seem to originate
from the handling of 1/ singularities in the loop calcula-
tion. In the following, we will show how these differences
impact the decoupling behavior by explicitly recalculat-
ing eq. (7), and showing that it indeed vanishes.
As a technical detail we note that the Majorana mass
terms in the neutrino sector also induce a splitting of
the sneutrinos into their scalar and pseudoscalar compo-
nents. While this splitting has to be tiny for left sneutri-
nos [42, 43] it can be quite sizable for the gauge singlets.
As this can lead in principle to visible effects we include it
in the following discussion. The part of the effective cou-
pling F (c)L that is proportional to Y
†
ν Yν , and thus projects
onto the Higgsino in the loop, reads
F H˜L =−
1
4
∑
P,S
Y ∗ν,aiYν,bjVB2V
∗
A2
(AwaveabAB +AχabAB +AνabAB) ,
AwaveabAB =− ZP/S∗X,3+aZP/S∗X,3+bδBA
(
g2 cos θW − g1 sin θW
)
B1(m
2
χ˜−A
,m2ν˜X ) ,
AχabAB =ZP/S∗X,3+aZP/S∗X,3+b
[(
2g2 cos θWV
∗
B1VA1 + V
∗
B2VA2
(
g2 cos θW − g1 sin θW
))×(
2C00(m
2
ν˜X ,m
2
χ˜−A
,m2
χ˜−B
)−B0(m2χ˜−A ,m
2
χ˜−B
)−m2ν˜XC0(m2ν˜X ,m2χ˜−A ,m
2
χ˜−B
)
)
+(
(2g2 cos θWU
∗
A1UB1 + U
∗
A2UB2(g2 cos θW − g1 sin θW )
)
mχ˜Amχ˜BC0(m
2
ν˜X ,m
2
χ˜−A
,m2
χ˜−B
)
]
,
AνabAB =
(
g2 cos θW + g1 sin θW
)
δBAZ
P/S∗
Xc Z
S/P∗
Y c Z
P/S∗
X,3+aZ
S/P∗
Y,3+b2C00(m
2
χ˜−A
,m2ν˜X ,m
2
ν˜Y ) . (10)
ZP/S represent the mixing matrix of the (pseudo)scalar
sneutrinos. U and V are the usual unitary matrices that
diagonalize the chargino matrix, with the k1 (k2) com-
ponent projecting on the Wino (Higgsino) component of
χ˜±k . The sneutrino mass mν˜k corresponds to the respec-
tive CP-state, with the index k covering all mass eigen-
4states. Sums over repeated indices are implicitly under-
stood and a, b, c = 1, . . . , 3. In the limit of zero chargino
mixing, i.e. for V and U being identity matrices, the
expression simplifies to
F H˜(0)L = −
1
4
∑
P,S
Y ∗ν,aiYν,bj
(
g2 cos θW − g1 sin θW
)Asumab ,
Asumab = ZP/S∗X,3+aZP/S∗X,3+b
(
−B1(m2χ˜−2 ,m
2
ν˜X )+
(m2
χ˜−2
−m2ν˜X )C0(m2ν˜X ,m2χ˜−2 ,m
2
χ˜−2
)+
2C00(m
2
ν˜X ,m
2
χ˜−2
,m2
χ˜−2
)−B0(m2χ˜−2 ,m
2
χ˜−2
)
)
+
2Z
P/S∗
Xc Z
S/P∗
Y c Z
P/S∗
X,3+aZ
S/P∗
Y,3+bC00(m
2
χ˜−2
,m2ν˜X ,m
2
ν˜Y ) .
(11)
If the left and right sneutrinos do not mix among each
other, Asum reduces to
Asumab =ZP/S∗X,3+aZP/S∗X,3+b
(
−B1(m2χ˜−2 ,m
2
ν˜X )+
(m2
χ˜−2
−m2ν˜X )C0(m2ν˜X ,m2χ˜−2 ,m
2
χ˜−2
)+
2C00(m
2
ν˜X ,m
2
χ˜−2
,m2
χ˜−2
)−B0(m2χ˜−2 ,m
2
χ˜−2
)
)
. (12)
Using the explicit expressions for the loop functions (see,
e.g. [44]), one can immediately see that the term in the
brackets vanishes. We can compare this expression with
the nonvanishing one of Ref. [35] by again using eq. (9).
One obtains
Asum ′ab = ZP/S∗X,3+aZP/S∗X,3+b
(
−B1(m2χ˜−2 ,m
2
ν˜X )+
m2
χ˜−2
C0(m
2
ν˜X ,m
2
χ˜−2
,m2
χ˜−2
)− 2C00(m2ν˜X ,m2χ˜−2 ,m
2
χ˜−2
)
+
1
2
)
. (13)
Our result differs by a mass independent term of 14 from
the results of Ref. [35], which leads to the disappearance
of the nondecoupling contribution2.
2 Note that an additional different overall factor of 1
2
can be traced
back to the part ZP/S∗X,3+aZ
P/S∗
X,3+b = δba which was wrongly taken
to be 1
2
δba in [35].
Finally, the results for the pure wino contribution read
FW˜ (0)L =−
1
4
∑
P,S
g22
(
g2 cos θWY1 + g1 sin θWY2
)
, (14)
Y1 =Z
P/S∗
Xi Z
P/S∗
Xj
(
−B1(m2χ˜−1 ,m
2
ν˜X )+
2(m2
χ˜−1
−m2ν˜X )C0(m2ν˜X ,m2χ˜−1 ,m
2
χ˜−1
)+
4C00(m
2
ν˜X ,m
2
χ˜−1
,m2
χ˜−1
)− 2B0(m2χ˜−1 ,m
2
χ˜−1
)
)
+
2Z
P/S∗
Xc Z
S/P∗
Y c Z
P/S∗
Xi Z
S/P∗
Y j C00(m
2
χ˜−1
,m2ν˜X ,m
2
ν˜Y ) ,
Y2 =Z
P/S∗
Xi Z
P/S∗
Xj B1(m
2
χ˜−1
,m2ν˜X )+
2Z
P/S∗
Xc Z
S/P∗
Y c Z
P/S∗
Xi Z
S/P∗
Y j C00(m
2
χ˜−1
,m2ν˜X ,m
2
ν˜Y ) .
Y1 and Y2 both vanish if there is no left-right mixing
among the sneutrinos and no mass splitting of the CP-
even and CP-odd sneutrino states (i.e., in the MSSM
limit). Notice that Y1 and Y2 vanish because of an exact
cancellation of the two combinations of loop functions.
In contrast, the expressions in Refs. [32, 35] only vanish
for flavor changing transitions (due to the unitarity of
the sneutrino mixing matrix), but still contain nonzero
diagonal entries in the MSSM limit, Y1 → − 34δij and
Y2 → − 14δij . Y1 again differs by a constant term, anal-
ogously to Asum. Y2 is the same as in [35] but vanishes
due to the usage of C00 instead of C24. Therefore, al-
though the conclusion is the same, the cancellations in
the off-diagonal wino contributions have different origins.
Chargino mixing, of course, spoils all of these cancella-
tions and Yi depend on the details of the sneutrino mixing
matrix such as left-right mixing, left-left mixing as well
as a mass splitting of the CP-even and CP-odd sneu-
trinos. Note that the mass splitting of the distinct CP
eigenstates could in principle give large effects in the am-
plitudes. However, in practice it can safely be neglected
since it is tightly constrained by neutrino data to be very
small [42, 43].
III. NUMERICAL RESULTS
For the numerical study of our new analytical results,
we have created a SPheno [45, 46] version for the inverse
seesaw using a modified version of SARAH [47–51]. We
parametrize the Yukawa couplings Yν according to [52]:
Yν =f
 0 0 0a a(1− sin θ13√
2
) −a(1 + sin θ13√
2
)√
2 sin θ13 1 1
 ,
a =
(
∆m2
∆m2Atm
) 1
4
≈ 0.4 , (15)
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FIG. 1. Decoupling behavior of BR(µ → 3e) with increasing
SUSY scaleMSUSY but fixedMR = 2 GeV. The dashed black
line shows BR(µ → 3e), the dotted red line the contribution
from the photon penguin only whereas the full black line gives
the chargino-sneutrino contribution to the Z penguin. The
other parameters are fixed as explained in the text. The blue
line shows the experimental upper limit of 10−12 [6].
using the data from the global fit of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [3]3.
In the following discussion we set for the sake of il-
lustration all the slepton soft SUSY breaking masses to
MSUSY . The soft SUSY breaking gaugino masses are
scaled as MSUSY and their starting values are M1 =
80 GeV and M2 = 160 GeV. The A-parameters in the
slepton sector are set to 130 GeV. Moreover, we set
tanβ = 20 and MR = 2 TeV. The neutrino data are
reproduced by adjusting µN .
It is clear that the chargino mixing drops as v/MSUSY
since both M2 and µ are approximately linearly depen-
dent on the SUSY scale. At tree level, the mixing be-
tween ν˜i and ν˜cj is given by
v√
2
(
T ji∗ν sinβ−µY ji∗ν cosβ+
h.c.
)
such that the left-right mixing matrix entry Zi,3+j
also scales approximately like v/MSUSY . It immedi-
ately follows that all mixing effects will decouple as(
v/MSUSY
)2 since at least two mixing insertions are nec-
essary. Note that left-left mixing can enhance the ampli-
tude, but has no impact on the qualitative behavior of
the decoupling with large SUSY masses.
In Fig. 1 we show BR(µ→ 3e), the corresponding pho-
tonic contribution as well as the ν˜-χ˜− contributions as a
function of MSUSY . As can be seen, we obtain the ex-
pected decoupling of the SUSY contributions. Thus, in
contrast to, e.g. [35], where a nondecoupling behavior
due to a
(
MSUSY /MZ
)4 enhancement of the Z-penguins
3 Note that this parametrization is not general but merely corre-
sponds to one possibility in which µN is diagonal and the lightest
neutrino eigenstate massless.
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FIG. 2. Behavior of BR(µ → 3e) with increasing MR while
MSUSY has been fixed to 1 TeV. The black full line depicts the
contribution of the chargino-sneutrino loop to the Z-penguin
whereas the red dotted and the black dashed line show the
contribution from the photon penguin and the full branching
ratio. The blue line shows the experimental upper limit of
10−12 [6].
with respect to the γ-penguins was found, we do find
the same decoupling behavior of both contributions for
large SUSY scales. The reason why BR(µ→ 3e) as well
as the photonic contribution are practically constant for
MSUSY >∼ 4 TeV is the W -νi non-SUSY contribution.
We therefore show in Fig. 2 the same quantities as a
function of MR. We can clearly see that one approaches
the MSSM limit for MR >∼ 5 TeV. In this case the right
(s)neutrinos decouple and only the Higgsino diagram will
vanish completely whereas the wino diagram can still give
a large contribution due to possible chargino and sneu-
trino left-left mixings.
An (analytic) comparison to studies independent of
Ref. [15], namely with [13, 36], cannot be given here
since Ref. [13] did not consider Higgsino contributions to
the Z-penguins and Ref. [36] did not write down the con-
stant parts of the loop functions (which are responsible
for the earlier found nondecoupling behavior). Neverthe-
less, the authors of Ref. [36] claimed afterwards to agree
with our results [53].
IV. CONCLUSION: IMPACT ON
PREDICTIONS FOR LFV IN THE LITERATURE
We have shown that some recent LFV results in super-
symmetric low-scale seesaw models are based on wrong
analytical expressions for the Z-penguins contributing to
`j → 3`i, µ− e conversion in nuclei as well as τ mesonic
LFV decays. In fact, this affects not only the results for
inverse seesaw models (or other models with large super-
potential couplings like trilinear R-parity violation [33]),
but also studies for models that lead to the MSSM at low
6energies [15]. However, in the latter case the numerical
impact on the LFV violating processes is negligible since
the critical contribution in eq. (7) (induced by light right
sneutrinos) is not present. In contrast, the analytical er-
ror has a dramatic impact on low-scale seesaw models,
whose phenomenology must be carefully revised. In or-
der to do that, an independent calculation of all other
contributions to the considered observables is required.
Given the interesting new results for the box contribu-
tions to these observables [36, 54–56], it would be worth
confirming by an independent calculation the potential
dominance for W -νR boxes in the inverse seesaw in case
of low MR. However, this is beyond the scope of this
paper and requires a complete and independent recalcu-
lation of all contributions including a comparison with
previous results. This will be presented elsewhere.
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Appendix A: Vertices
Here we provide the vertices for the supersymmetric inverse seesaw model which are relevant for the derivations
above.
CRiAX(P ) = Γ
R
e¯iχ˜
−
A ν˜
P
X
= − i√
2
(
g2Z
P,∗
Xi VA1 −
3∑
a=1
Y ∗ν,aiZ
P,∗
X3+aVA2
)
, (A1)
CRiAX(S) = Γ
R
e¯iχ˜
−
A ν˜
S
X
= − 1√
2
(
g2Z
S,∗
Xi VA1 −
3∑
a=1
Y ∗ν,aiZ
S,∗
X3+aVA2
)
, (A2)
E
L(c)
BA = Γ
L
χ˜+Bχ˜
−
AZµ
=
1
2
(
2g2U
∗
A1 cos θWUB1 + U
∗
A2
(
− g1 sin θW + g2 cos θW
)
UB2
)
, (A3)
E
R(c)
BA = Γ
R
χ˜+Bχ˜
−
AZµ
=
1
2
(
2g2V
∗
B1 cos θWVA1 + V
∗
B2
(
− g1 sin θW + g2 cos θW
)
VA2
)
, (A4)
Qν˜XY = Γν˜PX ν˜SY Zµ = −
i
2
(
g1 sin θW + g2 cos θW
) 3∑
a=1
ZP,∗XaZ
S,∗
Y a , (A5)
Z
(`)
L = Γ
L
e¯ieiZµ =
1
2
(
− g1 sin θW + g2 cos θW
)
. (A6)
Appendix B: Loop functions
The loop functions in the limit of vanishing external momenta read:
B0(m
2
1,m
2
2) = − log
(
m22
Q2
)
+
1
m22 −m21
[
m22 −m21 +m21 log
(
m21
m22
)]
, (B1)
B1(m
2
1,m
2
2) = −
1
2
+
1
2
log
(
m22
Q2
)
− 1
4(m21 −m22)2
[
m41 −m42 + 2m41 log
(
m22
m21
)]
, (B2)
C0(m
2
1,m
2
2,m
2
3) =
1
(m21 −m22)(m23 −m21)(m22 −m23)
[
m22(m
2
3 −m21) log
(
m22
m21
)
+m23(m
2
1 −m22) log
(
m23
m21
)]
, (B3)
C00(m
2
1,m
2
2,m
2
3) =
1
8(m21 −m22)(m21 −m23)(m22 −m23)
×[
(m23 −m21)
(
(m21 −m22)(2 log
(
m21
Q2
)
− 3)(m22 −m23)− 2m42 log
(
m22
m21
))
+ 2m43(m
2
2 −m21) log
(
m23
m21
)]
.
(B4)
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